Introduction
During the last 2 decades, therapy for patients with multiple myeloma (MM) has evolved rapidly with the integration of novel approaches (eg, immunomodulating agents and targeted therapies) to enhance remission rates and prolong survival. Although the 5-year survival rates for patients with MM have improved, reaching approximately 36% in recent studies, considerable room for improvement remains, especially among elderly or poorperformance-status patients. 1 Current therapy options for patients with MM include both novel and standard chemotherapy regimens. Proteasome inhibitors, immunomodulating agents, and corticosteroids are routinely used in approximately 75% of patients with newly diagnosed MM, 2 and approximately 33% receive bisphosphonate therapy. 2 Most clinical treatment guidelines in MM now recommend bisphosphonate therapy in all patients with symptomatic MM regardless of whether they have obvious bone lesions, and in this setting, zoledronic acid (ZOL) is becoming the preferred agent. 3 Although there is no consensus on the optimal duration of bisphosphonate therapy, most guidelines recommend at least 2 years of treatment in patients with osteolytic bone disease or osteopenia. [4] [5] [6] Overall, the decision for a longer duration of treatment is usually at the discretion of the treating physician; however, in previous Medical Research Council (MRC) studies, oral clodronate (CLO) was continued indefinitely or at least until disease progression. 7 The MRC Myeloma IX trial (N ϭ 1960) included an examination of the effects of ZOL, a nitrogen-containing bisphosphonate of high potency (as demonstrated in preclinical studies), versus oral CLO in addition to antimyeloma therapy (intensive and nonintensive pathways) in patients with newly diagnosed MM. Previous results from Myeloma IX have been reported, [8] [9] [10] and analyses by bisphosphonate therapy have shown that ZOL significantly improved progression-free survival (PFS) by 12% (hazard ratio [HR] ϭ 0.88; P ϭ .018) and reduced the risk of death by 16% (HR ϭ 0.84; P ϭ .012) compared with CLO, prolonging overall survival (OS) by 5.5 months. 11 The observed OS benefit with ZOL versus CLO remained significant after adjusting for the improved prevention of potentially life-limiting skeletal-related events (SREs; HR ϭ 0.85; P ϭ .018). 11 Furthermore, ZOL significantly reduced the risk of SREs compared with CLO (HR ϭ 0.74; P ϭ .0004) in patients with (HR ϭ 0.77, P ϭ .0038) and without (HR ϭ 0.53; P ϭ .0068) bone disease or other SREs at baseline and reduced the incidence of all types of SREs. 12 Both bisphosphonates were administered at least until disease progression.
In the present analysis of Myeloma IX, we investigated which of the 4 combinations of therapeutic options in each of the treatment pathways provided better outcomes in terms of PFS, OS, and SREs and examined the potential benefits of longer-term bisphosphonate therapy beyond 2 years. In addition, exploratory analyses (eg, by prognostic variables or duration of bisphosphonate therapy) were used to investigate whether treatment benefits were consistent across patient subsets.
Methods

Patient eligibility criteria
Adult patients (18 years of age or older) with newly diagnosed and histologically confirmed MM were eligible for inclusion, as described previously. 11, 12 Patients with evidence of bone lesions on axial skeletal survey or fracture at baseline were defined as having myeloma bone disease. Exclusion criteria included previous or concurrent active malignancies, acute renal failure (defined as serum creatinine greater than 500M unresponsive to 72 hours of rehydration, urine output less than 400 mL/d, and/or requirement for dialysis), and previous treatment for MM (except local radiotherapy, bisphosphonates, or low-dose corticosteroids).
The trial was approved by the North West Multicenter Research Ethics Committee and by local review committees at all participating centers. All patients provided written informed consent in accordance with the Declaration of Helsinki.
Treatment
Patients were allocated to 2 main treatment pathways (intensive and nonintensive) as described previously. 11, 12 Pathway selection had no rigid age cutoff and was based on performance status, clinician judgment, and patient preference. In the intensive pathway, patients were randomized to 4-6 21-day cycles of either CVAD (oral cyclophosphamide 500 mg/wk, vincristine 0.4 mg/d combined with doxorubicin 9 mg/m 2 /d as a 4-day continuous infusion, and dexamethasone 40 mg/d on days 1-4 and 12-15) or oral CTD (cyclophosphamide 500 mg/wk, thalidomide 100 mg/d and increasing to 200 mg/d as tolerated, and dexamethasone 40 mg/d on days 1-4 and 12-15). After completion of induction therapy (4-6 cycles, depending on response), patients underwent peripheral blood stem-cell mobilization and harvest, high-dose melphalan treatment (200 mg/m 2 ), and autologous stem cell transplantation (ASCT). In the nonintensive pathway, patients were randomized to 6-9 28-day cycles of either oral MP (melphalan 7 mg/m 2 /d and prednisolone 40 mg/d, both on days 1-4) or attenuated oral CTD (CTDa; cyclophosphamide 500 mg/wk, thalidomide 50 mg/d initially and increasing to 200 mg/d as tolerated, and dexamethasone 20 mg/d on days 1-4 and 15-18). Treatment was continued until best response (minimum of 6 cycles, maximum of 9 cycles). In each pathway, patients were randomized to oral CLO (1600 mg/d) or IV ZOL (4 mg every 3-4 weeks with induction chemotherapy and every 4 weeks thereafter). Dose adjustment for patients with impaired renal function at baseline and dose delays in patients with on-study creatinine elevations were implemented for ZOL per the prescribing information. After first-line therapy, eligible patients were randomized to thalidomide maintenance therapy (50 mg/d initially, increasing to 100 mg/d if tolerated) or no thalidomide maintenance. Bisphosphonates and maintenance therapy were to be continued at least until disease progression.
Assessment of study outcomes
The primary end points were PFS, OS, and overall response rate. Secondary end points included SREs (defined as fractures, spinal cord compression, radiation or surgery to bone, and new osteolytic lesions [counted as an SRE first and then as disease progression]) and safety.
Safety was evaluated by standard laboratory assessments (as described previously) and continuous adverse event monitoring. Recommendations for monitoring and maintaining oral health to reduce the risk of osteonecrosis of the jaw and to identify and manage suspected cases were provided to trial investigators starting in June 2006 after the recommendations of Weitzman et al were released. 13 Data on SREs were collected every 3 months until disease progression. Disease was assessed after each cycle of induction chemotherapy (before high-dose melphalan and ASCT in the intensive pathway) and every 3 months thereafter, with an assessment at 100 days after ASCT in the intensive pathway. Treatment response was monitored centrally at the University of Birmingham (Birmingham, United Kingdom) from serum and urine protein and free light-chain studies or, if results of such studies were missing, by review of local laboratory results that were verified by an independent response-assessment panel. Complete response (CR) was defined as negative immunofixation (100% M-protein reduction), and very good partial response (VGPR) was defined as at least 90% M-protein reduction with positive immunofixation. 14 A diagnosis of bone lesions was not a study-entry requirement. Baseline bone disease was screened using axial skeletal surveys and was defined as prior fractures at any site or osteolytic lesions; however, neither prior spinal cord compression nor radiation or surgery to bone was considered bone disease. Some exploratory analyses of ZOL versus CLO included any prior SRE (including spinal cord compression and radiation or surgery to bone) in addition to baseline bone disease. Fluorescence in-situ hybridization analysis of CD138-selected plasma cells was performed using standard methodology for a subset of patients (n ϭ 1181). Gene expression was assessed using the Affymetrix system in a subset of patients (n ϭ 261).
Statistical analyses
Analyses were based on the treatments that patients were randomized to receive and on the intention-to-treat population, defined as all randomized patients with histologically confirmed MM who provided written informed consent. Time to first SRE was assessed using the cumulative incidence function, and OS was estimated using the Kaplan-Meier method. A Cox analysis was used to assess the HR and associated 95% confidence intervals for SRE risk, adjusting for effects of chemotherapy regimen, minimization factors, and SRE history at baseline (stratified by pathway). 15 Subgroup analyses by baseline demographics and disease characteristics were performed. Correlations between bone disease and subgroups were tested using the Fisher exact test. The log-rank test was used to compare both Kaplan-Meier curves and cumulative incidence curves.
Statistical analyses were performed with SAS Version 9.2 software (SAS Institute) and Digital Visual Fortran Version 6.0A software (DIGI-TAL). All tests were 2-sided and at the 5% significance level without adjustment for multiplicity. This trial is registered at www.controlledtrials.com as ISRCTN68454111.
Results
Baseline characteristics
Of 1970 patients enrolled between May 14, 2003 , and November 20, 2007 , 1960 were included in the intention-to-treat population ( Figure 1 ). 11 Baseline demographics and disease characteristics were different between the intensive and nonintensive pathways and were generally balanced between treatment groups within each pathway ( Table 1 ). The median number of cycles of chemotherapy administered was 4 (range, 0-8) in the CVAD group, 5 (range, 0-9) in the CTD group, and 6 in both the MP (range, 0-18) and CTDa (range, 0-11) groups.
Efficacy analyses
Intensive pathway. In the intensive pathway (n ϭ 1111), a larger number of patients achieved CR or VGPR after induction therapy
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For personal use only. on July 31, 2017. by guest www.bloodjournal.org From with CTD versus CVAD (43.2% vs 27.5%, respectively; Fisher exact P Ͻ .0001). Similar numbers of patients achieved at least VGPR in the ZOL and CLO groups (36.0% vs 34.7%, respectively; P ϭ .66). There was no significant difference in the risk of SREs between the CTD and the CVAD groups (HR ϭ 1.03; Cox P ϭ .80). ZOL significantly reduced the incidence and risk of SREs in the intensive pathway overall (27.9% vs 36.3%; HR ϭ 0.76; Cox P ϭ .017) and in each chemotherapy subgroup (Figure 2A) . The Figure 1 . Trial profile. *Patients were included in the safety population. †Two patients on ZOL received a conditioning regimen other than high-dose melphalan and underwent subsequent ASCT. ‡One patient in the nonintensive pathway who was excluded because no consent was received was then included in the randomization to receive maintenance treatment. Some of the 23 patients in the intensive pathway who did not start CVAD or CTD did receive high-dose melphalan plus ASCT, but none was included in the randomization to receive maintenance treatment. None of the 12 patients in the nonintensive pathway who did not start MP or CTDa was included in the randomization to receive maintenance treatment. BD indicates bortezomib and dexamethasone; CVAD, cyclophosphamide, vincristine, doxorubicin, and dexamethasone; CTD, cyclophosphamide, thalidomide, and dexamethasone; CTDa, attenuated CTD; and MP, melphalan and prednisolone. For personal use only. on July 31, 2017. by guest www.bloodjournal.org From risk of death was numerically lower in the ZOL group versus the CLO group in this pathway, but the comparison was not powered for statistical significance (HR ϭ 0.84, Cox P ϭ .085). Risk of progression or death (ie, PFS) was also numerically lower in the ZOL group versus the CLO group (HR ϭ 0.90; Cox P ϭ .173).
Nonintensive pathway. In the nonintensive pathway (n ϭ 849), a larger number of patients achieved CR or VGPR with CTDa versus MP (30.0% vs 4.0%, respectively; Fisher exact P Ͻ .0001). Furthermore, CTDa significantly reduced the risk of a first SRE versus MP (HR ϭ 0.74; Cox P ϭ .0205). In each of these groups, more ZOL-treated than CLO-treated patients achieved CR or VGPR (MP: 6.1% vs 1.9%, respectively; CTDa: 33.6% vs 26.4%, respectively; overall logistic regression P ϭ .018). Overall, ZOL significantly prolonged time to first SRE compared with CLO and reduced the incidence of SREs in each group ( Figure 2B ). The greatest SRE reduction was observed in the CTDa ϩ ZOL group and the least reduction in the MP ϩ CLO group, suggesting that the combination of the more active agents resulted in better outcomes. The risk of death was significantly lower with ZOL versus CLO (HR ϭ 0.83; Cox P ϭ .049), and the risk of disease progression or death (ie, PFS events) was numerically lower in ZOL-versus CLO-treated patients (HR ϭ 0.87; Cox P ϭ .065).
Maintenance therapy and follow-up. Among patients randomized to thalidomide maintenance or no thalidomide maintenance therapy (n ϭ 820), ZOL significantly reduced the risk of SREs versus CLO regardless of whether patients received thalidomide ( Figure 3A ) or no thalidomide ( Figure 3B ).
Exploratory subset analyses by demographics, disease characteristics, and duration of therapy
In exploratory analyses, the OS benefit with ZOL versus CLO was consistent regardless of treatment regimen, sex, International Staging System stage, and myeloma subtypes (high-risk and low-risk), but varied significantly by baseline bone disease status (P ϭ .03 for the interaction; Figure 4) . Bone disease at baseline was defined as prior fractures at any site or osteolytic lesions and excluded prior spinal cord compression or radiation or surgery to bone. In the overall trial population (regardless of bisphosphonate therapy), patients with documented bone disease at baseline had a significantly shorter OS (median, 45.5 months; n ϭ 1401) compared with patients without bone disease at baseline (median, 51.6 months; n ϭ 540; P ϭ .009). In subset analyses, ZOL significantly reduced the risk of death compared with CLO in patients with confirmed bone disease or other SRE at baseline (designated as SRE ϩ and defined as osteolytic lesions, fracture, spinal cord compression, or radiation or surgery to bone; HR ϭ 0.82; log-rank P ϭ .0107; Figure 5 ), but not in patients without bone disease or other SRE at baseline (SRE Ϫ ; HR ϭ 1.10; log-rank P ϭ .469; Figure 5 ).
Among patients who received at least 2 years of bisphosphonate therapy (n ϭ 582), ZOL significantly improved OS from initial randomization compared with CLO (medians not reached; HR ϭ 0.60; log-rank P ϭ .02; Figure 6A ). In the same group of patients, ZOL also significantly reduced the incidence of SREs For personal use only. on July 31, 2017. by guest www.bloodjournal.org From compared with CLO (log-rank P ϭ .0102; Figure 6B ). Moreover, ZOL also significantly improved OS after patients experienced a first disease progression event compared with CLO (34 vs 27 months, respectively; HR ϭ 0.58; log-rank P ϭ .03; Figure 6C ). Further, an exploratory analysis of OS offset by cumulative 12-month intervals showed consistent, albeit statistically nonsignificant, reductions in the incidence of death with ZOL compared with CLO. These improvements in survival with ZOL versus CLO were observed in patients surviving for at least 1 year after randomization (HR ϭ 0.90; P ϭ .23), 2 years after randomization (HR ϭ 0.89; P ϭ .27), 3 years after randomization (HR ϭ 0.81; P ϭ .19), and 4 years after randomization (HR ϭ 0.83; P ϭ .48). A significant, consistent reduction in SRE incidence using similar 12-month intervals for ZOL versus CLO has been described previously. 12 
Safety analyses
Overall, serious adverse events were consistent with the established safety profiles of the agents and procedures used in patients with MM (Table 2 ) and have been described previously in detail. 11, 12 As noted in a preceding publication of Myeloma IX data, venous thrombotic events (VTEs) were more common in the ZOL group compared with the CLO group. 11 In the present analysis, long-term tolerability beyond 2 years of bisphosphonate therapy was good overall, and patients with at least 2 years of bisphosphonate therapy 
Discussion
The results from MRC Myeloma IX emphasize the importance of considering all components of treatment used in the management of MM. Clearly, agents previously considered as supportive care (eg, bisphosphonates) may have a profound effect on survival outcomes, and future clinical trials in MM will need to control for such factors in their design. In addition, the efficacy of antimyeloma regimens can clearly influence SRE risk, which will be an important consideration for analyzing clinical trials of antiresorptive therapies in this setting in the future.
During the past decade, therapy options for MM have evolved rapidly and, since the initiation of the Myeloma IX trial in 2003, have grown to include novel agents such as lenalidomide and bortezomib. 3, 16 However, the antimyeloma agents used in Myeloma IX remain important components of regimens that are still in common use. For example, poor-performance-status patients typically receive a combination of an alkylating agent, steroid, and nontraditional agent, particularly an immunomodulatory drug (eg, MPT, MPV, MPR, or CTDa), as standard therapy, and bortezomib is increasingly being added to established regimens in this setting. Younger, fitter, standard-risk patients are treated with high-dose induction therapy (including novel agents) and ASCT. Similarly, bortezomib is now being integrated into such induction regimens and also into maintenance therapy strategies. 3, 16 This more intensive strategy may abrogate some of the risk associated with poor cytogenetics in patients with high-risk disease.
Bisphosphonates are a valuable, although currently underused, component of therapy that are used to treat bone destruction and to prevent SREs and treat hypercalcemia of malignancy in MM and other oncology settings. A recent meta-analysis of randomized clinical trials (N ϭ 4970) found that the bisphosphonate ZOL is superior to CLO, pamidronate, and ibandronate in preventing SREs in patients with MM. 17 In addition to reducing the risk of SREs, preclinical and clinical evidence suggests that nitrogen-containing bisphosphonates such as ZOL have immunomodulatory effects and may have direct antimyeloma activity. 18 Subgroup analyses from a previous MRC study of CLO in patients with MM suggested a possible survival benefit with bisphosphonate therapy in patients without skeletal fractures at baseline. 19 Together with the preclinical evidence of the antimyeloma activity of ZOL, this observation provided the rationale for the MRC Myeloma IX study to 
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For personal use only. on July 31, 2017. by guest www.bloodjournal.org From investigate whether these potential antimyeloma properties could affect survival. In the present analysis, OS benefits of ZOL versus CLO in patients with newly diagnosed MM were found to be independent of sex and disease stage, and the only heterogeneity detected was bone disease/SRE status at baseline (defined as confirmed osteolytic lesions or any SRE), for which ZOL significantly improved OS compared with CLO in SRE ϩ but not SRE Ϫ patients. The beneficial effect of ZOL may be explained in part by the distinctly different biology observed in patients with bone disease at baseline, which predisposes them to both an increased risk of SREs and to worse survival outcomes compared with patients without bone disease at baseline. 20 In this setting, the synergistic effects of ZOL and antimyeloma therapy appear to influence patient survival by slowing disease progression independently of SRE prevention. This is consistent with our previous report showing a survival benefit with ZOL that was independent of the reduction in SRE risk. 11 In addition to the early effects on OS, improvements in OS with ZOL versus CLO were also apparent in patients receiving bisphosphonates for 2 years or more, and ZOL continued to improve OS even among patients who experienced disease progression.
However, although statistically significant, patient numbers in the exploratory subgroup analyses that explored outcomes in patients who received more than 2 years of bisphosphonate therapy were low, and these data should be interpreted with caution. Although treatment guidelines have generally recommended 2 years of bisphosphonate therapy, 4-6 our present results suggest that continuing ZOL therapy beyond 2 years may extend the potential survival benefit and continue to provide SRE-prevention benefits compared with CLO.
Understanding how the SRE-preventing efficacy of bisphosphonates can be affected by baseline disease characteristics may help to better identify patients who will benefit the most from therapy. In Myeloma IX, ZOL more effectively reduced SREs than CLO in both patients with and without bone disease or other SREs at baseline and in both patients receiving thalidomide maintenance and those receiving no maintenance therapy. In addition, ZOL significantly reduced the risk of SREs compared with CLO in patients with lower-risk disease, but apparently not in patients with high-risk disease, suggesting that rapid disease progression in high-risk patients may compete with SRE risk. This is supported by the finding that the incidence of first on-study SREs was lower in the high-risk group versus the low-risk group and by the lower incidence of bone disease reported in patients with adverse cytogenetics. However, because SRE data were only collected until disease progression, the effects of bisphosphonates on SREs after disease progression were not captured in this study. The Myeloma IX data illustrate that there is a complex relationship between myeloma bone disease and the MM disease course. Although patients receiving intensive pathway treatment regimens containing CTD had better response rates than those receiving CVAD, there was no observable difference in SRE risk between these groups, perhaps reflecting a dominant effect of myeloablative therapy and ASCT on bone disease. In contrast, patients receiving nonintensive pathway treatment regimens containing CTDa not only had improved response, but also had reduced SRE risk compared with those receiving MP-containing regimens. This reduction in SRE risk may be explained in part by the more successful reduction in myeloma activity with the CTDa regimen; however, the potential for improved antimyeloma synergy between CTDa and the bisphosphonates may have also contributed to the reduction in SREs. Overall, the results from Myeloma IX show that regimens containing CTD or CTDa plus ZOL had greater effects on improving response rates, prolonging survival and reducing the risk of SREs.
The safety of bisphosphonate therapy in combination with multidrug regimens is an important consideration in patients with MM receiving long-term therapy. Results of Myeloma IX are consistent with the renal safety profile that has been reported for the For personal use only. on July 31, 2017. by guest www.bloodjournal.org From combination of ZOL plus thalidomide maintenance therapy. 21 We reported previously a significant difference in VTEs in the ZOL group versus the CLO group. 11 The risk of VTEs is highly dependent on the combination chemotherapy regimen (especially those containing immunomodulatory drugs) and the level of prophylactic anticoagulation therapy. For example, the rates of VTEs were higher in the nonintensive pathway among patients receiving CTDa versus MP. Furthermore, VTEs among patients receiving CVAD were associated with delivery of medications through the indwelling catheter, which is no longer a standard of care at MRC institutions. Nonetheless, these data suggest that proactive use of anticoagulation therapy is warranted in patients with MM at elevated risk because of therapy-or disease-related factors. Overall, the Myeloma IX safety data suggest that ZOL can be used with a broad range of antimyeloma regimens; however, further studies with novel combination regimens are warranted.
To date, clinical treatment guidelines have been inconsistent regarding the duration of bisphosphonate therapy in patients with MM. Long-term follow-up of patients receiving bisphosphonate maintenance therapy will be required to inform best practices. Data accruing from follow-up of patients in Myeloma IX will likely contribute to this, and have already suggested that treatment to progression beyond 2 years may be appropriate.
